What determines whether or not a species is a generalist or a specialist? Evidence that the 7 environment can influence species interactions is rapidly accumulating. However, a systematic link 8 between environment and the number of partners a species interacts with has been elusive so far. 9 Presumably, because environmental gradients appear to have contrasting effects on species depending 10 on the environmental variable. Here, we test for a relationship between the stresses imposed by 11 the environment, instead of environmental gradients directly, and species specialisation using a 12 global dataset of plant-pollinator interactions. We found that the environment can play a significant 13 effect on specialisation, even when accounting for community composition, likely by interacting 14 with species' traits and evolutionary history. Species that have a large number of interactions are 15 more likely to focus on a smaller number of, presumably higher-quality, interactions under stressful 16 environmental conditions. Contrastingly, the specialists present in multiple locations are more likely 17 to broaden their niche, presumably engaging in opportunistic interactions to cope with increased 18 environmental stress. Indeed, many apparent specialists effectively behave as facultative generalists. 19 Overall, many of the species we analysed are not inherently generalist or specialist. Instead, species' 20 level of specialisation should be considered on a relative scale depending on where they are found 21 and the environmental conditions at that location. 22 23 species interactions, and throphic niche 24 25 Species interactions are known to vary widely across space and time. There are multiple examples of 26
Introduction
: Frequency distribution of the number of locations in which a species is present. The most common pollinator species was Apis mellifera, which was sampled at 42 locations, while the most common plant species was Trifolium repens, which was sampled at 11 locations.
trade-offs involved in the pollination service, there are multiple intuitive ways in which we could 82 imagine species respond to environmental stress given the available partners. We estimate the 83 stress species might experience in their community by calculating the bioclimatic suitability of their 84 communities given the species' patterns of global occurrence.
85
Methods 86 We retrieved plant-pollinator networks from the Web of Life database (Fortuna, Ortega, and 87 Bascompte 2014). This database contains datasets originating from 57 studies published in the 88 primary literature between 1923 and 2016. Calculating the environmental stress of species in 89 their community and their potential partners required us to reduce both the taxonomic and 90 distributional/locational uncertainty. A critical step towards reducing this uncertainty is to ensure 91 that the names used to identify species are valid and unambiguous, which in turn allow us to 92 obtain further information from biological databases and accurately match species across studies. data obtained from WorldClim with data from Envirem (Title and Bemmels 2017), which includes 126 16 extra bioclimatic and two topographic variables. The additional set of variables from Envirem 127 are relevant to ecological or physiological processes and thus have the potential to improve our 128 suitability estimation (Title and Bemmels 2018). We obtained all environmental data as rasters 129 composed by cells of 2.5 arc-minutes. We chose this resolution because it provides a reasonable 130 match to the locational accuracy of the species occurrences found in GBIF, particularly those that 131 originate from preserved specimens in museum collections.
132
After obtaining information about species occurrence and the environment, we then merged these two 133 datasets such that a vector with details of our 37 bioclimatic and topographic variables characterised 134 the location of each occurrence. Sets of occurrence data tend to be spatially aggregated due to 135 sample bias (tendency to collect close to cities, certain countries). Moreover, spatial autocorrelation 136 arises in ecological data because geographically clumped records tend to be more similar in physical 137 characteristics and/or species abundances than do pairs of locations that are farther apart. To 138 account for such spatial dependency in occurrence data, we only included one occurrence record 139 if a species had more than one within a cell of the bioclimatic raster. We did this to avoid giving 140 more weight to areas with a high number of occurrences, a common scenario in occurrence records 141 collected opportunistically as the ones we use here. In this step we removed 85.4% of the occurrences 142 which resulted in a total of 4.5 million occurrences used in our niche analysis.
143
A common issue of terrestrial bioclimatic datasets is that the boundaries of the cells with information 144 do not precisely match the landmass boundaries. The result of this missmatch is that not all 145 environmental variables were available for 3,273 of the raster cells with occurrences (0.8% of the 146 total). As expected, the vast majority of these problematic cells were close to the shore. To address 147 this issue, we calculated the average value of environmental variables within a 5km buffer of the 148 centre of the cell where the variable was missing and used it to approximate the value of the variable 149 in that cell. Using this procedure, we were able to fill environmental variables for 89.3% of the cells 150 where they were missing. To fill the remaining 350 cells, we repeated the aforementioned procedure 151 but instead using a 10km buffer. We removed from further analysis occurrences located within the 152 135 cells for which we were unable to fill environmental variables (0.03% of the total).
153
Next, we calculated the probability density function of the species distribution in environmental space.
154
To determine the environmental space, we used the first two components from a principal component analysis of the 37 bioclimatic variables associated with the species occurrences. Specifically we used Figure 2 : Sensitivity analysis of environmental stress error. The number of independent occurrences retrieved from GBIF is inversely related to the error of bioclimatic suitability for our plant-pollinator networks.The sensitivity analysis was performed by subsampling occurrences of Archilochus colubris the species in our dataset with the largest number of occurrences in GBIF, which was recorded in two of our communities.
for Stan (Carpenter et al. 2017 ). For each model, we used four Markov chains of 4,000 iterations 212 each; we used half of the iterations for warmup. We used weakly informative priors for all model 213 parameters. Specifically we used normal priors of mean zero and standard deviation ten for the 214 population-level effects and the intercepts, a half-Cauchy prior with a location of zero and a scale of 215 two for the standard deviations, and, when applicable, an LKJ-correlation prior with parameter 216 ζ = 1 for the correlation matrix between group-level parameters.
217

Results
218
After performing our sensitivity analysis, we found that, for a species, we need roughly 18 independent 219 occurrences for each community for which we aim to estimate the environmental stress. This is 220 the number of occurrences necessary to maintain the mean absolute error of bioclimatic suitability 221 below 0.1 (Fig. 2) . We therefore removed from further analyses 286 species for which we did not 222 have enough occurrences to obtain robust estimates.
223
Our models performed relatively well. The Bayesian R 2 for our baseline model was 0.89, which 224 indicates our models were able to capture a large proportion of the variability on the data. Overall, In each panel, we condition on the mean value of the other predictor in the model. We indicate mean values for each predictor with a vertical dashed line. For model fitting, we scaled all predictors to have a mean of zero and unit variance; however, here we show the unscaled predictors to facilitate interpretation. To illustrate the uncertainty around the fitted estimates, we plot the fits of 100 independent draws from the posterior distribution. The thick lines indicate the mean values of the response distribution. As there was no interaction between the guild and the number of possible interactions, we only show the conditional effect of pollinators.
metric of specialisation ( Figure 3a ). However, environmental stress was still an important predictor 228 in our model. The difference in WAIC between our baseline model and the model that did not 229 include environmental stress was 489 ± 94 (Table 1) . This apparent discrepancy can be explained 230 by the variability of the specialisation-stress relationship across species.
231
For some species, there is a strong negative relationship between stress and specialisation, while for 232 others, there is a strong positive relationship (Figure 4a ). Interestingly, the slope of this relationship 233 correlates with the species' intercept in the model (Figure 4b and c) . Recall that the model estimates Each line corresponds to the median relationship for each species. Although we included in the analysis of all species that are present in two or core communities, to facilitate visualisation here, we show only species for which there is suitability information in at least six communities (10 plants and 33 pollinators). As in the previous figure, fitted values assume a hypothetical community of median size. In each panel, we highlight two species for which the relationship between environmental suitability and the normalised degree was particularly strong. (b and c) The correlation between the species' intercept and the species' slope of suitability was negative. The species' intercept can be interpreted as the relative difference between the number of partners a species has under mean levels of environmental stress and the mean number of partners across all species. Positive values of species' slope indicate a positive relationship between stress and the number of partners and vice-versa.
in low-stress communities were more likely to have a negative relationship and hence reduce the 260 number of partners as stress increases. Contrastingly, species in our datasets with a small number 261 of partners in low-stress communities were more likely to have a larger number of partners in more 262 stressful communities. In summary, environmental stress pushes species that are flexible enough to 263 change their interaction partners towards intermediate levels of specialisation, a so-called "regression 264 towards the mean".
265
Our results suggest that changes in community composition are indeed the primary channel through 266 which the environment determines changes interaction probability. However, they also show that,
267
for a large number of species, the environment may also play a substantial role in determining suggest that only a small proportion of species are "true generalists" or "true specialists" this is, 293 species that interact with a large or small number of partners regardless of the environmental stress, 294 respectively. This pattern implies that rewiring is not exclusive of species with a large number of 295 partners. Instead, at least a fraction of the species that appear to be specialist in their communities 296 might be as flexible, if not more, than those with a large number of partners, effectively behaving 297 as facultative generalists in the face of environmental change. These flexible "specialists" might 298 therefore have a more significant role in network persistence than previously expected.
299
In our model, we can roughly divide species between true specialists, true generalists, and flexible 300 species. However, there is a fourth group that remained invisible to our model but has important 301 implications for network persistence and stability. Species that can vary their interaction partners 302 flexibly and their role in the network are more likely to persist in their community as environmental 303 conditions vary (Gaiarsa, Kremen, and Ponisio 2019). We propose this fourth group is composed of 304 true specialists that are constrained to interact with partners of high trait-matching and therefore 305 were not likely to be found in more than one community. If species that are not flexible are 306 unlikely to persist over temporal or spatial environmental gradients, we can expect specialised Betancourt, Marcus Brubaker, Jiqiang Guo, Peter Li, and Allen Riddell. 2017. "Stan : A
